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Crosstalk between RyR2 Oxidation and Phosphorylation Contributes to
Cardiomyopathy in Mice with Duchenne Muscular Dystrophy
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Xander H.T. Wehrens1,2.
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Patients with Duchenne muscular dystrophy (DMD) are at risk of developing
cardiomyopathy and cardiac arrhythmias. Studies in a mouse model of DMD
revealed that enhanced sarcoplasmic reticulum (SR) Ca2þ leak contributes to
the pathogenesis of cardiac dysfunction. In view of recent data suggesting the
involvement of altered phosphorylation and oxidation of the cardiac ryanodine
receptor (RyR2)/ Ca2þ release channel, we hypothesized that inhibition of
RyR2 phosphorylation in a mouse model of DMD can prevent SR Ca2þ
leak by reducing RyR2 oxidation. Confocal Ca2þ imaging and single RyR2
channel recordings revealed that inhibition of either S2808 or S2814 phos-
phorylation, or inhibition of oxidation could normalize RyR2 activity in
mdx mice. Moreover, genetic inhibition of RyR2 phosphorylation at S2808
or S2814 reduced RyR2 oxidation. Production of reactive oxygen species
(ROS) in myocytes from mdx mice was reduced by both inhibition of RyR2
phosphorylation or the ROS scavenger 2-mercaptoproppionylglycin (MPG).
Finally, it was shown that ROS production in mdx mice is proportional to
the activity of RyR2-mediated SR Ca2þ leak. We conclude that increased
reactive oxygen species (ROS) production in the hearts of mdx mice drives
the progression of cardiomyopathy. Inhibition of RyR2 phosphorylation can
suppress SR Ca2þ leak in mdx mouse hearts in part by reducing RyR2
oxidation.
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Secretoneurin (SN) is the functional fragment of secretogranin II, a granin
protein that is increased in heart failure patients and associated with mortal-
ity. In non-cardiac cells, SN has been shown to alter Ca2þ homeostasis. We
presently investigated the effects of exogenous SN treatment on Ca2þ
handling in heart. SN was observed to be rapidly taken up into intact hearts,
and internalized into cardiomyocytes via endocytosis. Bioinformatic analyses
suggested potential interactions between SN and calmodulin (CaM), and also
the catalytic region of Ca2þ/CaM-dependent protein kinase II d (CaMKIId).
These putative interaction sites were confirmed by employing pull-down,
immunoprecipitation, and Biacore analyses. SN attenuated CaMKIId activity
in a dose-dependent manner, and reduced autophosphorylation of CaMKIId
in Langendorff-perfused hearts, both in the absence and presence of isopro-
terenol. SN also reduced basal and isoproterenol-induced CaMKIId-
dependent ryanodine receptor phosphorylation, and CaMKIId-dependent
phosphorylation of phospholamban. In isolated cardiomyocytes, exogenous
SN (2.8 mmol/L) increased the magnitude and kinetics of cardiomyocyte
Ca2þ transients and contractions. In agreement with reduced CaMKIId-
dependent ryanodine receptor phosphorylation, Ca2þ spark frequency and
dimensions were reduced, and sarcoplasmic reticulum Ca2þ content was
increased. Augmentation of Ca2þ transients occurred despite reduction
in the magnitude of L-type Ca2þ current, as expected following CaMKIId
inhibition. During challenge with isoproterenol, SN treatment reduced the
frequency of arrhythmogenic Ca2þ waves. Similarly, in patch-clamped cells
stimulated with action potentials, the appearance of delayed afterdepolariza-
tions and spontaneous beats was inhibited by SN. In conclusion, SN is a
novel CaMKIId inhibitor that inhibits ryanodine receptor Ca2þ leak, resulting
in augmented sarcoplasmic reticulum Ca2þ content, Ca2þ transients, and
contractions with reduced occurrence of arrhythmogenic Ca2þ waves and
delayed afterdepolarizations. These findings suggest that increased SN
levels during heart failure may be compensatory in the most severely ill
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Large-Scale, Automated Calcium Spark Analysis using iSpark Reveals
Functional and Spatial Remodeling During Cardiac Hypertrophy
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Understanding of cardiac Ca signaling is driven by advancements in imaging
and analysis tools. The availability of fast line scanning allowed the identifica-
tion of Ca sparks that revolutionized our appreciation of cardiac Ca signaling in
the healthy and diseased heart. Ultra-high-speed confocal imaging of three
dimensional (2D over time) Ca spark properties yields novel high content
data about such signals whose characteristics eventually determine the perfor-
mance of the entire heart. The full potential of such data remains concealed
owing to the lack of comprehensive, fully automated and unbiased analysis
tools. We have developed an intelligent software tool (iSpark) employing fully
automatic, self-adaptive and unbiased algorithms to investigate Ca sparks in
cardiac myocytes from healthy animals and mice with tiered stages of hypertro-
phy. Long-term recording of Ca sparks with high speed 2D over time confocal
imaging of permeabilized ventricular myocytes produced high content spark
data. With iSpark we explored 670,000 individual events and revealed that their
subcellular arrangement, amplitude and frequency were substantially altered
with the severity of cardiac hypertrophy. While line scanning of our data failed
to show any correlation, iSpark-based analysis demonstrated a malfunctional
microscopic Ca signaling strongly correlating with the disorganization of
T-tubules and the severity of hypertrophy. The availability of highly sophisti-
cated analysis tools, such as iSpark, substantially fosters large-scale data
exploration. iSpark-based analysis of large-scale Ca spark data revealed a
causal contribution of distinct subcellular remodeling of Ca handling to the
progression of cardiac hypertrophy.
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Regulation of Calcium Clock-Mediated Pacemaking by Inositol-1,4,5-
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Sinoatrial node (SAN) automaticity is attributable to the interplay of several
membrane currents such as funny current (If) and the Na-Ca exchanger
(NCX) current activated in response to ryanodine receptor (RyR) mediated
Ca release from the sarcoplasmic reticulum (SR). Whether another SR Ca
release channel, the inositol-1,4,5-triphosphate receptor (IP3R), can influence
automaticity in SAN is controversial, in part due to the confounding influence
of periodic Ca flux through the sarcolemma accompanying each beat. We used
atrial-specific NCX knockout (KO) SAN cells to study IP3 signaling in a system
where periodic [Ca]i cycling persists despite the absence of depolarization or
Ca flux across the sarcolemma.We recorded confocal line scans of spontaneous
Ca release in WT and NCX KO SAN cells, in the presence or absence of an
IP3R blocker (2-APB) or during inhibition of phospholipase C by U73122.
We found that superfusion with 2APB (2 mM) decreased the frequency of Ca
transients in WT by 82.7% (n¼9, p<0.05) and Ca waves in NCX KO by
69.9% (n¼10, p<0.05). Similar results were also obtained with U73122
(1 mM). Alternatively, increased IP3 production induced by phenylephrine
(PE; 10 mM) increased Ca transient frequency in WT (n¼8. P> 0.05) and Ca
wave frequency in KO cells (n¼9, p <0.05) that was reversed by 2-APB. To
determine if IP3Rs exert their modulatory effect on pacemaking via RyRs,
we recorded Ca transients during application of PE in the continued presence
of ryanodine at a blocking concentration (100 mm) that does not deplete SR
stores. Under these conditions PE was unable to restore Ca transients. Thus,
Ca release from IP3Rs can modulate the ‘‘Ca clock’’ processes that regulate
pacemaker frequency in the murine SAN via Ca-induced Ca release through
the RyRs.
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Structural Studies of IP3R by Cryoem
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Inositol 1,4,5-trisphosphate receptors (IP3Rs) play important roles in a battery
of cellular activities. Structural study of the receptors is therefore very impor-
tant for understanding how they are gated by their natural ligands and are
modulated by their intracellular partners. In the past several years, multiple
groups have generated very disparate reconstructions of the type 1 IP3R.
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detergents and for the receptors prepared from native and sf9 cells by the
same research groups, suggesting that biochemical preparations of the receptors
might have had significant variations and that the heterogeneity in the samples
could be a limiting factor in reaching accordant results. To resolve such dis-
crepancies, we developed a three- layered strategy to enhance biochemical ho-
mogeneity and structural agreements. We collected two cryoEM datasets of the
receptors in the absence and presence of IP3 and Ca2þ and calculated two sepa-
rate reconstructions. The two structures not only agree with each other in many
aspects, but also reveal a conformational change at the top of the cytosolic
domain that may lead to some reorganization of the channel pore. In order to
verify the structural details and solidify the conformational changes in the
pore domain, we need higher resolution structures. We are using the high-
end facilities with direct electron detectors to collect near-atomic resolution
data in order to further improve the resolutions of our 3D reconstructions.
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Ryanodine receptors (RyRs) are intracellular ion channels involved in Ca2þ
release from internal stores in excitable cells. These channels are the largest
channels known and are homotetramers, sizing ~2,26 MDa. The 3D structure
of RyR1 in it open and close states was determined previously, revealing
that the ion gate opening mechanism rely on long-range conformational
changes over 100 A˚. The RyR gating properties are highly regulated by
Ca2þ, Mg2þ, ATP, and FKBP12. The native conformation of RyR1 in presence
of physiological concentrations of Mg2þ and ATP is unknown. Here we deter-
mine the 3D structure of RyR1 in non-activating conditions (submicromolar
Ca2þ) in the presence of Mg2þ and an ATP analog, but in a flexible conforma-
tion by absence of FKPBP12. This new structure was determined using cryoEM
and image processing.
The resulting 3D structure is in the closed conformation when compared to 3D
reconstructions of RyR1 in open and closed conditions in presence of FKBP12
determined previously. In addition, from the comparison among several 3D re-
constructions, we establish new conformation-function correlations. We find
that the rhomboid structures formed by domains 2-4-5-6 situated far away
from the ion gate move as a whole during gating, and define a ‘‘flexion angle’’
that appears to be correlated with the degree of opening of the channel,
whereby the flexion angle after adding Mg2þ and ATP shifts by 3 degrees to-
wards the closed state. In conclusion this research suggests that physiological
concentrations of Mg2þ and ATP shift the RyR1 conformation toward the
closed conformation and also suggests that the closed conformation encom-
passes sub-states.
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The SPRY2 domain is one of three repeats of the same fold that are present
within the RyR. It has been suggested as a key protein interaction site with di-
hydropyridine receptors to mediate excitation-contraction coupling in skeletal
muscle tissue. RyR1 and RyR2 SPRY2 domains were crystallized and reveal
differences with what was thought to be SPRY2 and with several other known
SPRY domain structures. Our RyR1 SPRY2 construct (rabbit, 1070-1246)
is 43% larger than a previously reported construct (1085-1208), consists of
multiple modules, is highly soluble, and is monomeric in nature. Docking of
the RyR1 SPRY2 structure places it in between the central rim and the clamp
region. The structure of RyR2 SPRY2 (mouse, 1080-1253) and a loss-of-
function disease mutant (human, T1107M) causing cardiomyopathy were
also determined. The T1107M mutation is buried and causes a large ~10C
decrease in thermal stability as compared to wildtype and also causes local mis-
folding of the domain. Finally, RyR1 SPRY2 binding to the DHPR II-III loop is
undetectable by isothermal titration calorimetry.
Platform: Membrane Structure
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2Biomedical Engineering, Douglass College, Rutgers University, NJ, USA.The structural Gag protein from the HIV-1 virus is required for assembling new
virus particles within an infected T-cell; Gag’s binding to the inner leaflet of the
host plasma membrane is the first step in this process. In an effort to understand
the molecular and energetic details of this binding, we studied the N-terminal
31 amino acids of Gag’s MA membrane binding domain with lipid membrane
mimics: PC, PC:PE, PC:PS, PC:PI, PC:PIP, PC:PIP2, PC:PE:PI, PC:PE:PIP,
PC:PE:PIP2, PC:PE:PIP2:cholesterol and PC:PE:PS:cholesterol in various
molar ratios. Oriented, fully hydrated lipid mimics with/without the myristoy-
lated (MAmyr) and non-myristolyated (MA) peptide were X-rayed at the Cor-
nell High Energy Synchrotron Source. We found that MAmyr lowered KC
(softened) pure POPC membranes more than did MA; in general, both peptides
lowered KC for all 18 mimics. MAmyr increased slightly Sxray (chain order) of
PS-containing membrane mimics, but both peptides decreased Sxray slightly
with increasing concentrations of PI, PIP or PIP2 when mixed with POPC.
When POPC:POPE was mixed with PI, PIP or PIP2 (5:3:2), PI decreased,
PIP had no effect and PIP2 increased chain order with either peptide compared
to controls. The head-to-head spacing (DHH) was decreased by both peptides
(1-3 A˚) in most mimics. In pure POPC, or when PI, PIP or PIP2 was mixed
with POPC, modeling suggested a penetration of MAmyr into the hydrocarbon
region, compared to an interfacial headgroup position for MA. Therefore the
effect of MA peptides on membrane structure and properties depends on the
composition of the lipid mimics as well as on the myristoyl group.
Acknowledgments: NIH R01 GM44976 (STN and JFN).
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Lipid-only domains are well-established mimetic systems for membrane rafts
enabling the study of their physical properties under strictly controlled condi-
tions. Of particular interest are four component lipid mixtures entailing the
variation of lipid domain size from micron regime down to a few nanometers
[1]. Applying our recently developed small-angle x-ray scattering data analysis
technique, we have studied changes of membrane thickness, lateral lipid pack-
ing and bending fluctuations for coexisting liquid-ordered (Lo) and liquid-
disordered (Ld) phases in DOPC/POPC/DSPC/cholesterol mixtures along
this domain-size trajectory, including the melting of Lo domains as a function
of temperature. Bending fluctuations for coexisting Lo domains were found to
be significantly lower than for single Lo phases at the boundary of the LoþLd
regime. In turn, little variation was observed when domains exceeded sizes
of 160 nm. Further, we found that the melting of Lo domains as a function
of temperature is controlled by thickness differences between Lo and Ld and
the associated domain line tension.
This work was supported by Austrian Science Fund FWF, Project No.
P24459-B20.
[1] F.A. Heberle et al., J. Am. Chem. Soc. 135 (18), 6853-6859 (2013)
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Recent literature has shown that buffers affect the interaction between lipid bi-
layers through a mechanism that involves van der Waals forces, electrostatics,
hydration forces and membrane bending rigidity. We endeavour to show phase
coexistence as an effect of charges from the aqueous boundary layer on the
mixed chain 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid
bilayers. We will present data that suggests one phase dehydrates below the
value in pure water while the other phase swells as the concentration of buffer
is increased. However, since the two phases must be in osmotic equilibrium
with one another, this behavior challenges theoretical models of lipid interac-
tions and introduces new variables to consider for the Gibbs phase rule. This
model of lipid charging was then applied to explain the mechanisms behind
phase separation in lipid mixtures containing phosphatidylinositols.
This work was supported by NIH NCI K01-CA169078-01 and Indiana
University Collaborative Research Grants.
